We consider non minimal coupling between matters and gravity in modified theories of gravity. In contrary to the current common sense, we report that quantum mechanics can effectively emerge when the space-time geometry is sufficiently flat. In other words, quantum mechanics might play no role when and where the space-time geometry is highly curved.
We have not yet constructed a theory of Quantum Gravity despite of various attempts within the paradigm of the string theory, the paradigm of canonical and loop quantum gravity, and so on. Frankly speaking we are still facing the problem of quantum gravity. This problem is Platonic and theoretical in the sense that we have not yet empirically and directly explored the regimes wherein quantum gravity is supposedly important. 1 In contrary to our current common sense, here, we are going to explore the possibility that maybe quantum mechanics emerges when the space-time geometry is sufficiently flat. In other words, we are going to consider the possibility that quantum mechanical corrections are highly suppressed when or where the space-time geometry is highly curved.
Quantum mechanics states that momentum and position of no particle can be simultaneously measured:
where ∆x and ∆p are respectively the uncertainty is the position and momentum of the particle. When we perform a measurement on a particle, the particle is localized where we are doing the experiment. So some amount of information about the space-time geometry might be already hidden in (1) . In other words, the uncertainty relation can read
where F , being a number, is a functional of the Riemann tensor (R µνλη ), the covariant derivative (∇ η ) and * Electronic address: exir@theory.ipm.ac.ir 1 The nature also appears not to have the tendency to let us put our hands where quantum gravity is supposedly important: Recall the paradigm of the cosmological inflation, and the presence of the event horizons cloaking the singularities of the black hole in the center of galaxies the metric (g µν ) of the space-time inside the laboratory. We notice that F (R µνλη , ∇ η , g µν ) ∼ 1 must hold for the space-time geometries wherein we have directly or indirectly performed some experiments.
however, can approaches zero when and where the spacetime geometry becomes sufficiently curved. Therefore there exists the possibility that the uncertainty relation approaches ∆x∆p ≥ 0 as we move backward in time toward the moment of the big bang. So Quantum Mechanics may not effectively exist when the universe was formed. Quantum Mechanics can effectively emerge when the universe is old enough. We refer to this possibility as Effectively Emergent Quantum Mechanics, or in brief EEQM. We discuss that EEQM naturally rise in modified theories of gravity when matters non-minimally couple to gravity.
I. R-DEPENDENT EEQM
The simplest form for F (R µνλη , ∇ η , g µν ) would be F (R µνλη , ∇ η , g µν ) = f (R). In the R-dependent EEQM the uncertainty relation reads
where we should require f (R) = 1 for R ∈ [Λ, 10 40 Λ] where Λ = 10
is the cosmological constant.
Note that R = 10
40 Λ is at the order of magnitude of the Ricci scalar inside the Sun. But what kind of theories could effectively give rise to eq. (3)? In order to answer this question let us briefly review quantum field theory.
Loosely speaking QFT means computing the path integral. The path integral of the Einstein-Hilbert gravity reads
The path integral of a modified gravity given by
By comparing (4) and (6), we conclude that when the space-time is sufficiently homogeneous than the effective Hisenberg constant for (6) is f (R) . Therefore if we choose f (R) such that
then the quantum fluctuation of matters turn negligible at the moment of big bang where R is very large. Since the effective Planck constant reads:
then the perturbative quantum corrections to the effective gravity reads
(9) So if we also choose f (R) such that
then the quantum corrections to the gravity will be negligible. A simple form f (R) that satisfy the above criteria is
where α is constat value sufficiently larger than 10 40 Λ. But what would be the value of α? A natural choice for α is to choose a value compatible with in the inflationary paradigm [2] : α ∼ 10 14 Gev. Note that inflation naturally can occur in EEQM.
2 In this standpoint, however, inflation is a transition from 'classical' world toward where quantum mechanics is significant as much as today is.
II. G-DEPENDENT EEQM
The obvious problem of R-dependent EEQM is that after the inflation, we still will need the quantum theory for gravity around small black holes, black holes that outside of horizon of which
. If we consider other types of EEQM wherein the effective depends on other scalars rather than the Ricci scalar, we then can make quantum mechanical effects irrelevant also in the vicinity of what replace small black holes in those theories. To this end, there exist infinite possibilities. The anomalous flat rotational curves of the spiral galaxies suggests that we should choose
. Here, we however consider the simplest choice:
where G stands for the Gauss-Bonnect Lagrangian density in the laboratory. A modified gravity that leads to (12) (around flat space-time geometry) reads
where we should assume
then the perturbative quantum corrections to (13) remain sufficiently small for all values of G. An example of f (G) that meets all these constraint is
where for α ∼ 10 14 Gev, we might encode inflation in (13). We notice that the above conditions on f (G) can exist in addition to cosmologically viable constraints of 'f (G)' gravity [10] . Therefore, the exact solutions of (12) and their properties will remain intact when we add quantum corrections. When a black hole is large, the Schwarzschild black-hole remains a perturbative solution of (13). But when mass is small we need to obtain the exact solution of (13). Once we find the exact solutions, we know that quantum corrections do not significantly change them.
III. CONCLUSIONS AND OUTLOOK
Starting from a covariantly modified uncertainty relation, we have realized a set of modified gravities wherein matters non-minimally couple to gravity, and quantum corrections are suppressed where or when the space-time geometry is highly curved. In other words, quantum mechanics plays no role when and where the space-time geometry is highly curved.
